Interannual and day-today variations of gravity wave activities in the lower stratosphere were examined using operational rawinsonde data over eastern part of Japan (27N-45N, roughly along 140E) during 1989-95. The gravity-wave activities were quantified by variances of temperature and zonal wind fluctuations with vertical scales of 2-6km.
Introduction
Interannual variations of the atmospheric circulation in the lower stratosphere have been studied mainly by analyzing planetary-scale wave activities (a momentum forcing) and of the net radiative heating. However, gravity waves also play an important role in the global circulation through wave meanflow interactions (Tanaka and Yamanaka, 1985; Palmer et al., 1986; Iwasaki and Sumi, 1986; Takahashi, 1996) . Recently, it has become possible to describe climatological features of gravity waves in the lower stratosphere and troposphere with the help of an accumulation of data obtained by the MST radars (Sato, 1994; Murayama et al., 1994) , operational balloon soundings (Kitamura and Hirota,1989; Allen and Vincent, 1995) and commer-cial airplanes (Nastrom and Gage, 1985; Nastrom and Fritts, 1992; Fritts and Nastrom, 1992) . Kitamura and Hirota (1989) first studied a meridional variation of gravity wave activity in the lower stratosphere and troposphere using operational rawinsonde data over Japan in 1986. They found an existence of active gravity waves for both temperature and zonal wind components in the lower stratosphere over Akita (4ON) Nin winter and spring. Allen and Vincent (1995) found a local increase similar to the results of Kitamura and Hirota (1989) in the mid-latitude region using rawiosonde temperature data over Australia in 1990 Australia in -1993 . They also showed a strong equatorward increase of gravity wave activity. Ogino et al. (1995 Ogino et al. ( , 1997 ) examined cross-equatorial distributions in the lower stratosphere using rawinsonde and ozonesonde data obtained by research vessels, and showed symmetrical distributions with maxima near the equator for the first component, and anti-symmetrical ones with larger values, in the northern hemisphere in winter.
It is well known that seasonal variation of gravity wave activity in the mid-latitude lower stratosphere is positively correlated with that of the magnitude of the tropospheric westerly jet, that is, maximum in winter, secondary maximum in spring and minimum in summer (e.g., Kitamura and Hirota, 1989; Murayama et al., 1994; Sato, 1994; Allen and Vincent, 1995) . Intraseasonal and day-to-day variations of gravity wave activity and their correlations with jet stream intensity, have also been studied by several authors for limited seasons only (e.g., Fritts et al., 1988; Yamanaka et al., 1996) . However, because the jet stream is strongly affected by the planetary-scale wave activity, and both of them have interannual variations, we expect that, for example, the winter maximum of gravity wave activity may have strong interannual variability. In order to clarify this paper, as the first step, aims to describe observational evidence of interannual and day-today variations of gravity wave activity in the lower stratosphere over Akita (40N) (where the appearance of active gravity waves was shown by Kitamura and Hirota (1989) using data in 1986), using operational rawinsonde data from 1989-95.
In Section 2, rawinsonde data used in this study are described and a definition of gravity wave activity is given. In Section 3, meridional, vertical and seasonal variations of gravity wave activity are presented as seven-year mean features. In Section 4 and 5, characteristics of year-to-year and day-to-day variations are examined and compared with background tonal wind. Discussions are in Section 6, followed by conclusions in Section 7.
Data
Rawinsonde observations are operated regularly twice a day at 18 stations over Japan by the Japan Meteorological Agency (JMA). We chose the data at seven stations roughly along 140E (see Fig. 1 ) during 1989-95. These seven stations were chosen in order to investigate meridional variations of gravity wave activities and background fields, and to compare them to the results shown by Kitamura and Hirota (1989) who analyzed the data for 1986, including an additional station at Misawa (41N)1 which is not included in this study.
The data used in this study include not only the significant levels in the WMO (World Meteorological Organization) definitions, but also more detailed altitude levels. In each JMA sounding, temperature data are originally sampled with 4 s interval (corresponding to -24m altitude interval) and finally archived with typical altitude intervals of 100-200m (as shown in Fig. 2a) , following WMO guideline (WMO, 1983) . The wind data are sampled with a 60 s interval (corresponding to -360m altitude interval) and archived with 60 s or 120s intervals, which are dependent on replacement of the rawinsonde system from manual to automatic operation at each station. Note that the wind estimation procedure itself has not been changed by the system replacement. Altitude intervals in altitude ranges below and above about 5 km are 300-400 m (Fig. 2b ) and 700-800m (Fig. 2c) Hachijojima in . For data at the other stations in the other years, altitude intervals of wind data are 300-400m in all the altitude ranges. However, because we apply a band-pass filter with cut-off lengths of 2 and 6km in order to extract dominant gravity-wave components, as mentioned in the following paragraph, the difference of height intervals does not affect the estimation of wave intensity. In this study, all the data were interpolated linearly into 100m altitude intervals above the mean sea level.
Detailed description on utility and reliability of the JMA rawinsonde data for the dominant gravity wave has been given in Yamanaka et al. (1996) and Ogino et al. (1999) . In order to quantify the wave intensity, we calculated variances of temperature (T), zonal wind (u) and meridional wind (v) . For example, temperature variance (T'2) is calculated at each altitude as follows:
( 1) where T' is the vertically band-passed (2-6 km) temperature, which is similar to the index of disturbance defined by Kitamura and Hirota (1989) . Examples of such vertical profiles of T, T', (T'2), u, u' and Ku'2) at Akita in winter are shown in Fig. 3 . In these examples, it is seen that both (T'2) and (u'2) have large values around the 20km altitude, which is of the main interest of this study. In the previous studies (Yamanaka et al., 1996 Ogino et al., 1995 , 1999 we have shown an attenuation effect (N1/3 of the true amplitude foi -2km vertical wavelength component , for example) on the wind data due to wind estimation procedure with the JMA rawinsonde system. In addition, JMA executes a smoothing procedure on thf tracking radar antenna angles (in particular zenith angle) before determination of the rawinsonde balloon positions, which may also modify (attenuate) wind fluctuation intensity. It must be noted that the temperature data is never modified by such smoothing procedures, and for this reason we mainly use temperature data for discussions in the subsequent sections. Since contamination due to jet stream and tropopause peaks are often controversial (e.g., Kitamura and Hirota, 1989; Allen and Vincent, 1995) , we omit them, as carefully as possible from detailed discussions (see the next section).
Seven-year mean features
In this section, we describe overall features of spatial distributions and seasonal variations of the gravity wave activities and background fields over Japan for seven years, 1989-95. Figure 4 shows latitudealtitude cross-sections of N27y, T7y, u7y, (T'2)7, y (U2)7y iand (v')7y 2(seven-year mean, monthly mean values of N2, T, u, (T'2), (u'2) and (v'2), where N2 is the Vaisala-Brunt number) in January. We can confirm that, as shown by Kitamura and Hirota (1989) for 1986, both (T'2)7y and (u'2)7. have maxima at about the 20 km level over Akita (40N) throughout the seven years analyzed here, although the maximum altitude of (T'2)7y is somewhat higher than that of (ui2) 7y. On the other hand, in the panel of (v') 27y the same maximum is not found, and the magnitude of (v'2)7y is much smaller than that of
Additionally, we find other regions of large values of (T'2)7y at about the 17km level in lower latitudes and at about the 9km level in higher latitudes. These large values near tropopauses may be contaminated by sharp peaks of tropopauses since such sharp structures cannot be removed completely with the band-pass filtering. We also find large values of (U2)7y iat about the 11 and 20km levels at around 33N. The former may include contamina- Lion by sharp peaks of the jet stream. The later is thought to be caused by relatively large errors of wind data in the altitude range above the jet stream due to low zenith angles in radar tracking. In this paper, we do not discuss these maxima which may include contamination or observational errors. It must be noted, however, that we cannot say that the local increase of (T'2)7y near the tropopause region is wholly caused by the contamination of tropopause structures, because gravity-wave amplitude may be locally enhanced in the region where atmospheric stability suddenly increase (super saturation) as suggested theoretically by VanZandt and Fritts (1989) . Figures 5-7 show results of the seven-year mean: monthly mean analyses for April, July and October, respectively. We find that the local maxima of gravity wave activities over Akita (40N) at N 20km also appear in April and October and disappear in July. Figure 8 shows time-latitude cross-sections of N27y, T7y, u7y; (T'2)7y and (u'2)7,, averaged in an altitude range of 18-21km, where the gravity waves in winter are most active. Seasonal variations of (T'2) and (u'2) show clear annual cycles; maxima in December and minima in July. At a glance, they are positively correlated with u7y (Kitamura and Hirota, 1989; Murayama et al., 1994; Sato, 1994; Allen and Vincent, 1995) , and are negatively correlated with N27y. Linear saturation gravity wave theory indicates that the saturation amplitude of gravity waves is limited by background N2 (Smith et al., 1987) . Therefore, the fact that negative correlation exists between (T'2)7y and N27y suggests that gravity wave activity is not only determined by the saturation limit of background N2. The seasonal variation of gravity wave activity in the lower stratosphere, and the relation with the background fields or the source intensity, has been discussed in detail by Sato (1994) . Kitamura and Hirota (1989) also have suggested that in spring there is a secondary lowerstratospheric maximum of wave activity. In Fig. 8 , however, it is quite weaker than the winter maximum. This is because such a spring maximum does not appear with the same strength nor in the same month, for the seven years analyzed in this study. Figure 9 shows time-latitude cross-sections of N2, T, u, (T'2) and (u'2) (monthly mean values of N2, T, u, (T'2) and (u'2)) averaged in an altitude range of 18-21 km during 1989-95. We can confirm that (T'2) and (u'2) at N 20km over Akita appears every winter and almost every spring through 1989-95. Here we find that they have remarkable interannual variations. In particular, the increase of (T'2) in winter is observed from 1990/91 to 1994/95, together with the increase of u in these years. On the other hand, no clear correlation is seen between (Ti2) and N2. Therefore, it is considered that variation of the limit of saturation amplitude is not a main cause of interannual variation of gravity wave activities analyzed here.
Interannual variations
We plotted (T'2) averaged in an altitude range of 18-21 km for the winter half year (November-April) over Akita by a solid line in Fig. 10 . We find that (T'2) in winter increased ti 1.5 times from 1990/91 to 1994/95. Interannual variability of (T'2) is about 30% of its seven-year mean seasonal variability. In Fig. 10 we also plotted u, averaged in altitude ranges of 0-3, 9-12 and 18-21km. Roughly speaking they also have tendencies to increase for these years (r1.5 m/s/year for the 18-21km altitude region). The generation mechanism of such tonal wind intensification itself is a quite important issue. Although the mechanism of the interannual variations of gravity wave activity must be considered in relation to such interannual changes of the large scale circulation, we do not describe them because we have not yet examined how the tonal wind variation (which must accompany temperature variation through the thermal wind relation) observed over Japan is related with the large scale circulation. Instead, in this observational paper, we focus on describing evidence of relationships between temperature variance and background zonal wind over Japan, which is also remarkably seen in shorter time scales (day-to-day variations), as shown in the next section.
5. Day-to-day variation Figure 11 shows time-altitude cross-sections of T, U, (T'2) and ('2) uover Akita every 12 hours in January 1995. We find that large values of (T'2) and (u'2) appear around the 20km almost simultaneously. It is noteworthy that the appearance of active gravity waves around the 20km level is not continuous. Such intermittent appearances have a dominant periodicity around 4-5 days in January 1995.
The intermittent appearance with similar periodicity can be also seen in other winter months. It is also seen that background temperature T and zonal show this more objectively, we have analyzed crosscorrelation functions between (T'2) in the 18-21km altitude and u in every 3 km altitude ranges. As shown in Fig. 13 , the temporal variations of (T'2)
in the 18-21km altitude and u in the 0-3km altitude have the best agreement with a time lag of 0 day (more exactly less than 6 hours, because the observation time interval is 12 hours). We calculated the cross-correlation functions for every winter month (December, January and February) during 1989-95. All of the results are superposingly plotted in Fig. 14 . We clearly find that the best positive correlation between (T'2) in the 18-21 km altitude and u in the 0-3km altitude appears almost every month in winter during the seven years. Such systematic results are not obtained in the higher altitude ranges. Similar but weaker features are also found in spring and autumn and not found in summer as shown in Fig. 15 .
Furthermore, similar but weaker features are also obtained in results of the same analyses using the data at other stations over the northeastern and northern part of Japan (Wakkanai, Sapporo, Sendai and Tateno), although the correlation at Tateno is very weak (the result of Sapporo is shown in Fig. 16 ). We cannot find them at Hachijojima and Chichijima, which are located on the Pacific Ocean small islands.
These facts indicate a strong relationship between lower-stratospheric gravity wave activity, and the lower-tropospheric background flow passing over the northeastern and northern part of Japan. Because active gravity waves appear every winter over Akita as described in Sections 3 and 4, it is quite important to consider the reasons why these two are so strongly related. This will be discussed in detail in the next section. 6. Discussions
Origin o f waves over Akita
In the previous section, it was shown that the day-to-day variation of gravity wave activity at the r 20km level over Akita has the best correlation with zonal wind near the surface. A candidate which may explain this feature is propagation of mountain waves generated by strong zonal wind over the surface topography. Mountain ranges are elongated in the north-south direction over the northeastern part of the main island (Honshu) of Japan, and the central ridge is located about 100km east of Akita. Indeed tropospheric lee-wave clouds have been observed by the Geostationary Meteorological Satellite (GMS) frequently in particular in the eastern side of the central ridge, and lowerstratospheric gravity waves have also been observed in the same side by quasi-constant level balloons ( e. g., Yamanaka and Tanaka, 1984a,b; Yamanaka, 1985a,b) . Yamanaka (1985b) reported that typical horizontal wavelengths of those gravity waves are 10-20km in the lower troposphere and 50-200km in the lower stratosphere. We consider that waves generated by those mountains may be observed by rawinsonde balloons launched at Akita, since they always fly to the lee side of the mountains through a strong westerly jet before reaching about 20 km altitude (this consideration has also been given by Sato, 1994) . It is reasonable that wave propagation through the troposphere cannot be detected, because the balloons do not observe the lee side of the mountain ridge in the troposphere, and also because the amplitudes and vertical wavelengths of the waves may be too weak and too long, respectively, to be observed with the rawinsondes. Furthermore, the fact that (u'2)7y always has a larger value than (v'2)7y as shown in Section 3 also supports the expectation that the waves, which appear in winter over Akita, are due to mountain waves, because mountain waves excited by a northsouth elongated mountain ridge must be dominantly associated with east-west oscillations and their amplitudes of tonal wind component may be larger than those of meridional wind component.
The results of much better correlations at time-lag of 0 day rather than at that of 0.5 day require that mountain waves reach to the 20km altitude within less than 6 hours. The horizontal wavelength 2r/+k+ which satisfy the requirement can be estimated by using the dispersion relation:
where m is vertical wavenumber, w is intrinsic frequency and f is the Coriolis frequency. Considering a mountain wave (c2=-ku, where u is background zonal wind velocity), the vertical group velocity Cgz can be written as 
Using seven-year mean, monthly mean values in January for u and N2 (shown in Figs. 17a and 17b ) and assuming 2rr/k of 50, 100 and 150km, we obtain three curves o£ Cgz as shown in Fig. 17c , which indicate that the waves with horizontal wavelength shorter than N100km can reach to N20km within 6 hours (Fig. 17d ). Note that a mountain wave with horizontal wavelength shorter than N 15km cannot propagate through the peak altitude of westerly jet (N 13km level) because (N2-2,2) becomes negative. Therefore, it is expected that typical gravity waves that appear at N 20km level over (the lee side of mountains near) Akita in winter have horizontal wavelengths of 101-102km, which are consistent with the quasi-constant level balloon observations (Yamanaka and Tanaka, 1984a,b; Yamanaka, 1985a,b) .
Localization in meridional direction
As mentioned in Section 5, the close relationship between (T'2) at -20km and u near the surface was also found at other stations located over the northeastern and northern part of Japan. Therefore, the waves observed over these stations are also considered to be generated by surface topography. However, it is curious that gravity wave activity is most strong over Akita (40N), and it is important to clarify the reason why such meridional distribution of gravity wave activities exist over Japan. If it is correct that these waves are due to mountain waves, the reason can be qualitatively understood. The moun- taro wave amplitude may become smaller far from the jet stream core (which is located at X33N in winter), because zonal wind velocities both near the surface and in the lower stratosphere (the former determines the source amplitude and the latter determines the limit of the saturation amplitude) are strongest near the jet stream core. Therefore, it is reasonable that gravity waves observed over Sapporo (43N) and Wakkanai (45N) are less active than over Akita. On the other hand, weak activities over Sendai (39N) and Tateno (36N) compared with Akita cannot be understood by the same consideration mentioned above, and may be due to location of the two stations. Since the two stations are located near the eastern coast of the main island of Japan the rawinsonde balloons launched at the two stations fly far from the mountain ranges. When the balloons reach 20km level, they may observe activity outside of the region where typical mountain waves exist. This consideration is consistent with a fact that clouds generated by lee waves trapped Fig. 11 . Time-altitude cross-sections of T, u, (T'2) and u'2> over Akita in January 1995.
in the troposphere can be clearly seen only within about 200km offshore from the eastern coast of northeastern Japan (e.g., Yamanaka, 1985a,b) , because upward propagating waves must be limited in a narrower region than trapped waves. The topographical predominance to excite mountain waves may also be important in considering this problem. There is a possibility that mountain ranges near Akita, where the elongation direction is closist to the north-south direction (most perpendicular to the strong westerly flow), are in the properposition to excite mountain waves with almost uniquely polarized (east-west) oscillations.
Analyses using data obtained at other longitude regions in the same latitude or by dense observations in zonal direction, such as the airplane and quasiconstant level balloon observations, may be helpful to confirm the abovementioned considerations quan- 6.3 Contribution to momentum budget Considering the typical values at N 20km over Akita (40N) in January for N N 2.1x10-2 rad/s and u N 1.5x103m (see Fig. 17 ), and assuming horizontal wavelength 2rr f k 50km from the estimation in the previous subsection, we obtain f2R8.7x10-92 =k2u2N 3.7x10-6N2ti4.6x10-4.
In this condition, the dispersion relation (2) becomes 
in a good approximation. Using this dispersion relation and typical values mentioned above, a vertical wavelength of a mountain wave is estimated as 2rr/m=2iru/N ti 4.5km, which looks somewhat longer than the dominant mode (r.i 2km) detected by high-resolution radars in this altitude region (e.g., Yamanaka and Fukao, 1994) , but well observable by operational rawinsondes (see Section 2)2. The saturation amplitude in the meaning of local static (convective) instability becomes 2 If we incorporate quasi-nonlinear effects, the wave phase velocity becomes nonzero and may approach background wind (Tanaka, 1986) and then the vertical wavelength becomes shorter. are somewhat larger and close to the observed maximum values of (u'2) and respectively. Considering the attenuation effects due to the rawinsonde balloon tracking data procedures (see Section 2), it is reasonable that the observed value of (ui2) is smaller than the value estimated above.
The momentum flux M and drag force F induced by those waves can be approximately given by M R-pNku/ (2m2) N 0.94 Pa and F ti -Nku/ (2HMm2) N 75m/s/day, for standard atmospheric density p N 9x10-2kg/m3 and the scale height for momentum flux with saturated gravity waves HM N 12km (see Yamanaka and Fukao,1994 , for derivations of M and F). If we assume from the fact mentioned in Section 5 that the appearance of such remarkable waves is for a half day per 4-5 day, we must consider that the wave momentum flux and drag effect of the northeastern Japan mountains is, in average, about 1/10 of the value estimated above. This value seems still quite large and almost close to the zonal mean values inducing the middle stratospheric weak wind layer (-S-1 10-1Pa and 10-101m/s/day; e.g., Tanaka and Yamanaka, 1985; Tanaka, 1986; Iwasaki et al., 1989) . Although the northeastern Japan mountains are quite smaller than the Rockies and other continental mountain ranges, strong westerly flows even in the lower troposphere in the winter season induce a strong effect on the general circulation through the gravity wave processes.
Conclusions
In this paper, we have reported observational evidence concerning the interannual and day-to-day variations of gravity wave activity in the lower stratosphere over Japan, based on operational rawinsonde data obtained at seven stations roughly along 140E during 1989-95. We have confirmed that local maxima of temperature and tonal wind variance at 20km altitude over Akita (40N), originally pointed out by Kitamura and Hirota (1989) , appear every winter and almost every spring through 1989-95. From the investigation focusing on the interannual variation of these winter maxima observed at -20km level over Akita, it was shown that temperature variance increased ti 1.5 times from 1990/91 to 1994/95, together with the increase of background tonal wind velocity both in the troposphere and in the lower stratosphere. The cross-correlation analyses based on the day-to-day variations of temperature variance at the ti 20km level and zonal wind velocities at every 3 km altitude range from 0 to 21km over Akita clearly showed that the appearance of active gravity waves was accompanied by the intensification of zonal wind velocity near the surface. Similar but weaker features were also found at other stations located on the northeastern and northern part of Japan. The strong connection between the lower-stratospheric gravity waves and the zonal wind near the surface suggests that the local maxima of the variances observed every winter over Akita are due to mountain waves generated by the mountain ranges elongated in a north-south direction over the northeastern part of Japan.
The correlated interannual variations of gravity wave activity and background zonal flow suggest a climatic variation of the general circulation interacting not only with planetary waves, but also with internal gravity waves. In the case of this present study, gravity waves also have periodic intensification in their day-to-day variations, and it is correlated with lower-tropospheric zonal wind. The latter must be directly related to synoptic-scale (baroclinic) disturbances. In the next step we are going to extend the observational period and region much longer and broader, and to study the interaction among gravity waves, synoptic-scale disturbances and planetary-scale circulations. 
